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Naturally acquired immunity to Plasmodium falciparum may be linked to key features of the immune
system that change during normal development and ageing. Evidence of this was seen in non-immune
Javanese transmigrants taking up residence in hyperendemic Irian Jaya, Indonesia. After 1± 2 years of
residence, the adult migrants had less frequent and less intense parasitaemias than their children.
Splenomegaly and malaria-like symptoms were also less common in the adults. These age-dependent
patterns of relative resistance to P. falciparum mirrored those in lifelong residents. The Javanese adults
acquired protective immunity against chronic exposure to infection relatively quickly compared with their
children. However, during the initial exposure to infection, the incidence of emergency medical evacuation
to hospital with a clinical diagnosis of malaria was 7-fold higher among the adults than in their children.
The exaggerated susceptibility of adults to severe morbidity and mortality has been reported in other
populations during initial exposure to infection. Thus, whereas adults acquired protection against chronic
exposure more rapidly than the children, they were initially more susceptible to severe disease. One
possible explanation for these ® ndings is the changes in the immune system that normally occur during
ageing. Such changes may establish differences between children and adults that profoundly affect the
course of infection by P. falciparum. The ratio of naive to memory T cells gradually diminishes during
ageing, as a result of the cumulative effect of exposure to the myriad antigens encountered throughout the
normal course of life. Moreover, the gradual involution of the thymus progressively limits the production
of naive T cells. The likelihood of stimulating memory T cells with cross-reactive antigens may increase
with age and this may bias the immune response to the relative bene® t of the host under chronic exposure,
or to the detriment of the host under acute exposure. Intrinsic features of the immune system that change
with age may determine key characteristics of the immune response to infection by P. falciparum, and
whether that response is relatively harmful or bene® cial may depend upon the conditions of exposure
(i.e. acute or chronic).
Attempts to explain the apparently slow devel-
opment of naturally acquired immunity
against Plasmodium falciparum have long
focused upon antigenic polymorphism and
variation in the parasite. Few studies have
assessed the possible effects of changes in the
immune system that occur during normal
development and ageing in the host. Is the
pronounced resistance to infection seen in
adults living under hyper- or holo-endemic
malaria the cumulative product of lifelong
heavy exposure to antigen, or is it the product
of only recent exposure and intrinsic features
of their immune systems that distinguish them
from children?
Naturally acquired immunity has been con-
sidered a poor model for vaccination. That
position stems from the notion that protection
apparently requires 10± 15 dangerous years of
exposure to the parasite’s full range of anti-
genic polymorphism and variation. The lack
of a sterilizing protection further discouraged
study of natural immunity as a model for
vaccine development. What if natural immu-
nity against heterologous parasites developed
relatively quickly? If so, the induction of an
adult-like natural immunity in children
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exposed to heavy infection pressure may seem
both feasible and desirable; feasible because of
the relatively low number and short duration
of vaccinations required, and desirable because
it should maintain natural immunity in the
face, presumably, of a largely uninterrupted
exposure to infection. Such a vaccine would
radically curb the morbidity and mortality of
holo-endemic malaria, without subsequent
risk of epidemic malaria because of a conceiv-
ably short-lived interruption of transmission.
However, such a vaccine is highly unlikely if
natural immunity indeed requires many years
of experience to l̀earn’ the antigenic reper-
toire of P. falciparum adequately.
This review presents an alternative expla-
nation for the seemingly slow onset of nat-
urally acquired immunity in endemic areas.
Formulation of the hypothesis discussed
stemmed from observations of non-immune
young families from largely non-endemic Java
who were taking up residence in hyper- to
holo-endemic Irian Jaya in Indonesia. Age-
speci® c patterns of parasitaemia and disease in
these people during the acute and chronic
phases of exposure to infection indicated that
the intrinsic features of the immune system
that change with age, together with exposure
being acute or chronic, determined the relative
degree of resistance or susceptibility to
P. falciparum in each subject. If this hypoth-
esis is true, the relatively rapid induction of
adult-like natural immunity in chronically
exposed children may represent a reasonable
technical objective.
THE RELATIVE SUSCEPTIBILITY OF
CHILDREN WITH HEAVY EXPOSURE
Infection by P. falciparum usually causes dis-
ease in non-immune humans of any age. In
contrast, adults in hyper- or holo-endemic
areas are routinely infected with this parasite
but rarely ill. Children in these areas also have
protection from death relative to people with-
out a history of chronic heavy exposure. In
northern Ghana, for example, multiple
episodes of infection (i.e. approximately two
to 10 episodes/person-year) caused death in
, 5% of children aged # 7 years (Binka et al.,
1994, 1995). Without acquired immunity, the
mortality rate in these children would have
been much greater. The devastating impact of
P. falciparum on people without acquired
immunity was demonstrated during some
early European expeditions into tropical
Africa. On one expedition to the Niger in
1842, 40 (28%) of 145 Caucasians died of
malaria, as recounted by McGregor (1993).
Among French troops in Senegal between
1819 and 1831, annual mortality ranged from
9.4%± 57% of total troop strength (Curtin,
1994). Natural immunity in African children
may be highly effective in preventing death,
but less so compared with adults in the same
area.
Despite relatively good protection against
death, children in holo-endemic areas suffer
extraordinarily high rates of morbidity because
of the sheer burden of infection pressure. In
the holo-endemic Sahel of northern Ghana,
for example, 25% of children aged 6± 24
months had severe anaemia at the end of the
malaria season whereas , 2% were severely
anaemic at the end of the low transmission
season (K. Koram, unpubl. obs.). Severe
anaemia corresponds with the high-density
parasitaemias of early childhood (Fig. 1),
whereas cerebral malaria in these populations
tends to occur most often in slightly older
children. The apparent protection of hyper-
parasitaemic young children from cerebral
malaria has been attributed to a poorly de® ned
process that is often called antitoxic immunity.
Whether disease arises from anaemia or cer-
ebral malaria, children seem ill-equipped to




The relative susceptibility of children to
blood-stage parasites is often attributed to an
inadequate repertoire of memory and effector
cells relative to the antigenic repertoire of
parasites in the wild. The parasite presumably
evades an effective immune response until the
AGE-DEPENDENT IMMUNITY TO MALARIA 369
Fig. 1. Age-speci® c prevalence of P. falciparum parasitaemia ( d ) and mean intensity of the parasitaemia ( h )
in a holo-endemic village in eastern Africa, as reported by Wilson (1936).
host has experienced enough exposure to
infection to mount an effective defence. On
the basis of observations typi® ed by those
shown in Fig. 1, a period of 10± 15 years of
uninterrupted exposure to hyper- or holo-
endemic malaria has been considered
suf® cient for protection. This hypothesis was
® rst proposed by Robert Koch (Koch, 1900a,
b, c, d) after he observed distinct age-speci® c
patterns of parasitaemia between populations
on Java exposed to hypo-endemic v. holo-
endemic malaria. The absence of an age-
related pattern among the relatively lightly
exposed subjects inferred a requirement for
heavy, uninterrupted exposure for protection.
Indeed, parasitaemia tends to be uniform
among age-groups or skewed to re¯ ect restric-
ted exposure to biting anophelines in areas
where malaria is epidemic or hypo- or meso-
endemic (Wernsdorfer and Wernsdorfer,
1988; Lepers et al., 1990; Razanamparany et
al., 1995; Baird et al., 1996). Koch’ s contem-
poraries accepted that chronic exposure to
hyper- or holo-endemic malaria was required
for effective natural immunity. Gill (1914)
explained, `Finally, there is the fact that
immunity becomes decreased or lost by resi-
dence in non-endemic areas. The conclusion
therefore is irresistible, that repeated reinfec-
tion is an important factor in the production
and maintenance of malarial immunity.’
For almost 30 years, beginning in the
1920s, malaria therapy of neurosyphilis
allowed quantitative analysis of immunity to
malaria. A solid, albeit non-sterilizing, immu-
nity to P. falciparum developed rapidly in
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Fig. 2. Acquisition of immunity following successive exposures to infection. The prevalences of fever with
parasitaemia ( s ), parasitaemia without fever ( n ) and neither fever nor parasitaemia ( h ) among 1066
neurosyphilis patients treated, with inoculations of Plasmodium falciparum, at the Socola Malariatherapy
Centre in Jassy, Romania (Ciuca et al., 1934).
most patients (i.e. after four to six infections;
Fig. 2). The relatively rapid onset of protec-
tive immunity in these patients was attributed
to the use of homologous strains of P. falci-
parum. Conversely, the slow onset of immu-
nity in endemic populations was attributed to
heterologous challenge (i.e. antigenic polymor-
phism). Immunity improved during childhood
and through adult life, supposedly by the slow
accumulation of strain-speci® c immunity to
increasing numbers of individual strains. The
demonstration of clonal antigenic variation in
P. knowlesi (Brown and Brown, 1965) and
P. falciparum (Hommel et al., 1983) reinforced
this hypothesis. Extensive allelic polymor-
phism in P. falciparum (McBride et al., 1982)
gave further credence to the hypothetical rela-
tionship between antigenic polymorphism and
the slow onset of immunity. Studies have
shown that serum-agglutinizing cross-
reactivity among P. falciparum strains is either
low or monospeci® c in children, whereas
adults from endemic areas tend to have much
broader agglutinizing speci® cities (Marsh and
Howard, 1985; Aguiar et al., 1992; Newbold
et al., 1992). The slow acquisition of natural
immunity has been viewed as the cumulative
product of heavy exposure to infection, lead-
ing to acquisition of a repertoire of memory
cells that effectively regulate effector function
in suppressing the density of parasitaemia. In
other words, natural immunity was hypothe-
sised to be the sum of strain-speci® c immuni-
ties garnered over at least 10 years of exposure
to hyper- or holo-endemic malaria.
THE AGE-DEPENDENT HYPOTHESIS
De® nition
An alternative explanation for the slow onset
of natural immunity is that the intrinsic
changes in immune functions that affect the
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course of P. falciparum may be linked to
normal host development and maturation.
These changes may in¯ uence immunity to P.
falciparum independent of the cumulative
effects of uninterrupted exposure to infection.
If normal development and maturation causes
increasing resistance to malaria in human
beings, then natural immunity may not
develop s̀lowly’ . Instead, immunity may
develop after relatively few infections to a
level determined by intrinsic immune factors
that change with age. This is the hypothesis of
age-dependent immunity to P. falciparum.
Early Observations
In 1919 SchuÈ ffner published the results of an
investigation of epidemic malaria at Sundatar,
Sumatra (SchuÈ ffner, 1919). He found that the
prevalence of parasitaemia was lower among
adults than children. SchuÈ ffner understood
Koch’ s hypothesis of acquired immunity and
its requirement for lifelong uninterrupted
exposure. The lack of that degree of exposure
at Sundatar and the age-dependent protection
from parasitaemia puzzled SchuÈ ffner. He
wondered, `Why do these persons [adults]
behave differently from the others? Are they
more resistant simply because of age ¼ ?’ A
few years later, Christophers (1924) found that
older newcomers to a mining camp in a hyper-
endemic area of India showed ìnexplicable’
resistance to infection compared with the
young. However, SchuÈ ffner and Christophers
both suspected prior exposure in the pre-
sumably non-immune subjects, and neither
addressed the issue.
Among the many cross-sectional studies of
malaria in endemic areas in this century, there
appear to be no others in which adequate
numbers of subjects of all ages who were
being suddenly exposed to hyper- or holo-
endemic malaria were investigated. Such a
study would be key because separate analyses
of the effects of age v. cumulative exposure
are not possible when the subjects have lived
their entire lives in endemic regions. The
circumstances leading non-immune adults and
children to take up residence in a heavily
malarious area are apparently rare, and
reportable clinical evaluation and surveillance
of them rarer still.
Transmigration and Malaria on Java
The Indonesian government conducts a pro-
gramme to encourage migration from the
heavily populated islands of Java and Bali to
the sparsely populated, major, outer islands of
Sumatra, Kalimantan (Indonesian Borneo),
Sulawesi (Celebes) and Irian Jaya (Indonesian
New Guinea). From the perspective of sorting
the effects of age and cumulative exposure to
malaria, transmigration offers the opportunity
for key analytical insights. The island targets
of transmigration are heavily malarious,
whereas little malaria transmission has
occurred on Java or Bali since before 1960.
[The incidence of malaria on Java has
remained at approximately 0.15 cases/1000
person-years since 1960 (Atmosoedjono,
1990).] Malaria transmission has been restric-
ted to a few distinct foci of hypo-endemic
malaria in Central Java (Baird et al., 1996). If
the cases and populations of these endemic
foci are removed from the estimation, the
incidence of malaria for over 99% of the 113
million people on Java falls to approximately
0.02 cases/1000 person-years. Thus, 1000
transmigrants from Java with a mean age of 25
years (a typical village, representing 25 000
person-years of risk on Java) should have
experienced, on average, less than a single case
of malaria.
Malaria in Javanese Transmigrants in
Irian Jaya
During 1987 and 1988 a longitudinal study of
malaria among Javanese transmigrants living
in Irian Jaya produced data pointing to the
rapid acquisition of natural immunity by
the adults but not by the children (Baird et al.,
1991). The transmigrants investigated had
been living in a village for 19 months when
the study commenced. Their neighbours in
the village were lifelong residents of Irian
Jaya. Accepting the premise that naturally
acquired immunity was the cumulative prod-
uct of many years of uninterrupted exposure,
the susceptibility of the transmigrants was
studied relative to that of the Irianese natives.
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Fig. 3. Age-speci® c prevalences of P. falciparum parasitaemia ( j ) and spleen r̀ates’ ( h ) among 701 Javanese
transmigrants after 5 years’ residence in Irian Jaya (Baird et al., 1993).
The anticipated pattern did not emerge;
whereas the Javanese had slightly higher age-
speci® c prevalences of P. falciparum, the dis-
tribution of prevalence among the age-groups
of Javanese was parallel to that among the
natives of Irian Jaya (Figs 3 and 4). This
pattern was also true for the median time to
® rst parasitaemia, density of parasitaemia,
spleen r̀ate’ , and symptoms of malaria. Al-
though the transmigrants had , 2 years’ ex-
posure, their age-speci® c susceptibility to
falciparum malaria was parallel to that in the
lifelong residents (Baird et al., 1991). Cumu-
lative exposure did not therefore govern
ef® cacy of naturally acquired immunity to
P. falciparum in this study population.
Subsequent, cross-sectional studies of falci-
parum malaria in six other transmigration vil-
lages in the same region again showed
age-dependent prevalence after 1± 2 years’ ex-
posure. Prevalence in these villages was closely
linked to spleen `rates’ , indicating that the
pattern observed was unrelated to sampling
bias (Fig. 3; Baird et al., 1993). Plots of
age-speci® c parasitological estimates of protec-
tive immunity (i.e. the density and frequency
of parasitaemia) among Javanese transmigrants
(Baird, 1995) run parallel to plots of the same
estimates in lifelong residents of holo-endemic
Africa (McGregor and Smith, 1952). Data
from six transmigration villages sampled on 15
occasions (with a mean sample of 304 sub-
jects/village on each occasion; range 5 91± 701
subjects/village) show that onset of natural
immunity in Javanese transmigrants was de-
pendent on age rather than lifelong exposure
(Baird et al., 1993). Recent hyperendemic ex-
posure established a protective immunity that
was more effective in adults than in children.
Another study of transmigrants in Irian
Jaya (Andersen et al.,1997) con® rmed the age-
dependent pattern in parasite densities but
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Fig. 4. Prevalence of parasitaemia is largely uniform among groups during early exposure, and only later
establishes an age-dependent pattern. (a) Prevalence of P. falciparum in Javanese transmigrants after they had
lived in Arso PIR IV, Irian Jaya, for 1 month ( j ; N 5 108) and after they had lived in the same village for
15 months ( h ; N 5 223). (b) Prevalence of P. falciparum in Javanese transmigrants after they had lived in
Arso, Irian Jaya, for 8 months ( j ; N 5 689) and after they had lived in the same village for 20 months
( h ; N 5 553).
failed to do so with age-speci® c parasite fre-
quencies. However, only 66 subjects from two
villages with a total population of . 2000
people were investigated. The sample size, in
view of the reported insigni® cant differences
in parasite frequencies among groups, may
have been inadequate to draw meaningful
statistical inference.
Confounding of the age-related pattern of
parasitaemia by drug use or vector feeding
behaviour was considered as an explanation
for the age-dependent prevalence of para-
sitaemia. A survey of antimalarial consump-
tion among the Javanese transmigrants
revealed that the children were more likely to
have recently consumed an antimalarial drug
(chloroquine or Fansidar) than the adults
(Baird et al., 1991). Drug usage in children
was an unlikely explanation for the low levels
of parasitaemia among the adults. Differential
exposure to biting mosquitoes was also an
unlikely explanation. The anopheline vectors
fed in the village from dusk to dawn, and
outdoors as frequently as indoorsÐ there was
relatively uniform exposure to biting mos-
quitoes among age-groups. Independent stud-
ies have shown that anopheline mosquitoes
show no preference for children over adults
(Bryan and Smalley, 1978; Port et al., 1980;
Burkot et al., 1988).
Perhaps the best evidence that the age-
related pattern of prevalence was not solely
the product of confounding or bias was the
absence of an age-related pattern during early
exposure to infection. If sampling bias, prior
exposure to infection, drug consumption, or
mosquito feeding patterns explained the age-
related distribution of prevalence, then the
pattern should have been evident soon after
exposure commenced. It was not. The preva-
lence of parasitaemia soon after onset of
exposure was either relatively uniform among
age-groups or slightly higher among adults
[Fig. 4(a) and (b)]. Establishment of the age-
dependent pattern of prevalence of para-
sitaemia required 1± 2 years of exposure to
infection.
An incidence of three P. falciparum infec-
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Fig. 5. Incidence of emergency medical evacuation to hospital with a diagnosis of malaria among children
( 3 ) and adults ( s ) from Arso PIR IV in Irian Jaya (Baird et al., 1998).
tions/person-year was measured in trans-
migration areas in north± eastern Irian Jaya
(Jones et al., 1994). Over the course of 1± 2
years, therefore, an estimated total of three to
six infections would have occurred in each
person. This exposure was apparently
suf® cient to induce a pattern of age-dependent
protection against frequent and high-density
parasitaemia in adults. The exposure require-
ment for onset of heterologous immunity in
the Javanese transmigrants approximated that
for onset of presumably homologous immu-
nity among neurosyphilis patients (Fig. 2).
Conversely, the relative susceptibility of
Javanese children to parasitaemia after the
same degree of exposure may be attributed to
intrinsic differences in immune function
related to the normal development and ageing
of the human host.
Adult Susceptibility to Acute Exposure to
P. falciparum
The susceptibility of children to chronic
exposure to P. falciparum has dominated stud-
ies of natural immunity. What happens with
acute exposure to infection? Are children and
adults equally susceptible, or do intrinsic, age-
related differences in immune function create
important differences? The available data
point to a surprising conclusion: adults appear
to be more susceptible than children to severe
morbidity and mortality after acute exposure
to P. falciparum .
Three months after transmigrants from Java
arrived in hyperendemic Irian Jaya, adults had
a 7-fold higher incidence of emergency medi-
cal evacuation with a provisional diagnosis of
malaria than their children (Baird et al., 1998;
Fig. 5). After 6 months in Irian Jaya, 148 of
639 adults (aged . 15 years) had been evacu-
ated to hospital with life-threatening malaria,
compared with 36 of 420 children
(P , 0.00001; relative risk 5 2.7; 95%
con® dence interval 5 1.8± 4.2). Similar obser-
vations have come from a variety of sources.
Greenberg and Lobel (1990) reported age-
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Fig. 6. Age-related susceptibility to death in populations having acute or chronic exposure to infection.
(a) The case-fatality rate for the 1111 American civilians (68 deaths) who acquired malaria while travelling
abroad between 1959 and 1987 and were treated in hospitals in the U.S.A. (Greenberg and Lobel, 1990).
(b) The mortality rate for children and adults (adults included in group reported as . 9 years old) residing
in holo-endemic West Africa (Bruce-Chwatt, 1952).
speci® c, case± fatality rates for 1111 Americans
acquiring malaria abroad and obtaining treat-
ment in hospitals in the U.S.A. between 1959
and 1987 [Fig. 6(a)]. A gradual increase in
susceptibility to fatal malaria occurred with
increasing age. The greatly increased rate of
death by malaria among patients . 70 years of
age was undoubtedly enhanced by underlying
risk of death to the typical diseases of the
elderly. Nonetheless, subjects of middle age
had 5-fold to 15-fold higher risk of death than
patients , 20 years of age. Among patients
hospitalized with severe malaria in KwaZulu/
Natal, 15 of the 111 aged . 12 years died
whereas no deaths occurred among the 32
younger subjects (odds ratio . 4.8; P , 0.01;
Soni and Gouws, 1996). Other studies from
Germany (Buck and Eichenlaub, 1994), Vanu-
atu (Bastien, 1987), Kenya (Some, 1994) and
Senegal (Sarthou et al., 1997) also show an
exaggerated susceptibility in adults relative to
that in children. In an epidemic of malaria
that killed over 100 000 people in Ceylon (Sri
Lanka) in 1932, Gill (1936) reported data
showing higher case± fatality rates in adults
than in the children (P , 0.0001; relative
risk 5 2.1; 95% con® dence interval 5 1.9± 2.3).
What could account for these marked dif-
ferences in susceptibility between children and
adults following acute exposure to P. falci-
parum? Clarke (1983) reported that adult rats
(each weighing about 185 g) were twice as
sensitive to the harmful effects of endotoxin as
younger (65-g) rats. This pattern correlated
with the age-related innate susceptibility to
death following infection with P. berghei. The
relevance of these ® ndings in a murine system
remains to be established, but the possibility
of a parallel mechanism in humans exposed to
P. falciparum merits clinical investigation.
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The observed effect of host age on the
probability of severe disease following initial
exposure to P. falciparum demonstrates that
age-dependent changes in the immune system
modulate the course of infection. Apart from
the obvious clinical importance, this ® nding
indicates that the age-related immunity seen
with chronic exposure may also be mediated
by intrinsic age-dependent changes in immune
function rather than by the cumulative effect
of many years of heavy exposure. The striking
inversion of age-related patterns of suscepti-
bility between acute [Fig. 6(a)] and chronic
[Fig. 6(b)] exposure to malaria cannot yet be
explained. Nonetheless, an examination of
age-related changes in immune function may
provide clues to guide investigation in this
area.
Developmental Changes in Immune
Function
The hypothesis of age-dependent immunity to
P. falciparum attributes the essential differ-
ences in the susceptibility or resistance to
infection between adults and children to as yet
unidenti ® ed changes in the immune system
that occur during normal ageing. What could
these changes be, and what impact could they
have on the course of malaria? Some possibil-
ities are considered below.
CD4
1
T-CELL SUBPOPULATIONS: NAIVE AND
MEMORY VERSUS Th1 AND Th2
Studies in mice have established the existence
of functionally distinct Th1 and Th2 subpop-
ulations of CD4
1
T cells. This distinction is
less clear in human CD4
1
cells but generally
acknowledged. A Th1-type response may be
characterized by the production of interferon-
g (IFN- g ) but not interleukin-4 (IL-4). Con-
versely, Th2-type responses are marked by the
production of IL-4 but not IFN- g (Romag-
nani, 1996). Other cytokines also mark Th1-
or Th2-type responses. For example, tumour
necrosis factor (TNF) and IL-2 typically mark
the Th1-type, whereas IL-5, IL-6, IL-10, and
IL-13 indicate a Th2-type response (Lucey
et al., 1996). There are also a minority of
CD4
1
T-cell clones that seem ambiguous
with respect to cytokine-pro® le phenotypes
and have been deemed Th0-type cells.
A variety of markers distinguishes naive and
memory subpopulations of CD4
1
T cells, but
none reliably distinguishes Th1 from Th2 as
de® ned by the cytokine-production repertoires
already mentioned. The phenotype CD4
CD45R
hi
has been linked to Th1-type-domi-
nated responsiveness, whereas populations of
CD4 CD45R
lo
cells show responsiveness of
the Th2-type (Bottomly, 1988; Lee et al.,
1990). However, expression of CD4 CD45R
in cell populations seems better correlated
with naive- v. memory-dominated, T-cell








mark the transition from naive to memory,
and in the mouse model correlate with the
CD45R
lo
phenotype (Budd et al., 1987; Ernst
et al., 1990).
Activated, naive T cells typically generate a
Th1-like repertoire of cytokines, whereas
memory T cells respond with predominantly
Th2-like cytokines (Budd et al. 1987; Ernst
et al., 1990, 1993a, b; Ehlers and Smith, 1991;
Lee and Vitetta, 1991; Bining and Miller,
1997). Some immunologists have considered
the functional Th1 designation as synonymous
with naive T cells, and Th2 as synonymous
with memory T cells (Hirokawa et al., 1994).
However, memory T cells may produce IFN-
g (Hobbs et al., 1993; Ernst et al., 1993a), and
naive T cells may differentiate to cell popula-
tions having either Th1- or Th2-like func-
tional attributes. Thus, the Th1 and Th2
distinction cannot be extrapolated to the dis-
tinctions in naive v. memory T-cell markers.
Differentiation of naive T cells to the Th1-
like phenotype is driven by cytokines such as
IL-12, and differentiation to Th2-like T cells
is driven by IL-4 (Swain et al., 1990; Seder et
al., 1993). Whereas the age-related changes in
naive v. memory T cells are well established in
mice and humans, whether these changes cor-
respond to a similar shift between Th1-like
and Th2-like responsiveness remains uncer-
tain.
AGE-RELATED CHANGES IN T-CELL POPULA-
TIONS
Profound changes in immune constitution and
AGE-DEPENDENT IMMUNITY TO MALARIA 377
Fig. 7. The falling ratio of naive to memory CD4
1
T cells in humans of increasing age, as reported by
Hirokawa (1994).
function occur throughout life. The most
prominent occurs in the structure and func-
tion of the thymus and the capacity to induce
intrathymic growth and differentiation of T-
cells. The thymus reaches peak activity at
puberty and thereafter slowly atrophies (Boyd,
1932). An older thymus contains mostly
macrophages and relatively few lymphocytes
(Hirokawa, 1977). Older rodents and humans
generate diminished lymphoproliferative re-
sponses to mitogens and antigens compared
with their young, induction of T-cell differen-




with age (Lewis et al., 1978; Kishimoto et al.,
1978; Makinodan and Kay, 1980; Nagel
et al., 1981; Vie and Miller, 1986; Iwashima
et al., 1987; Makinodan et al., 1987; Murasko
et al., 1987; Thoman and Weigle, 1989;
Utsuyama et al., 1991; El Demellawy and El
Ridi, 1992; Kariv et al., 1992; Doria and
Frasca, 1994; Weksler, 1994; Pahlavani and
Richardson, 1996). Evidence in mice and hu-
mans points to impaired activity of CD4
1
T
cells with increasing age, especially when mea-
sured by functional impairment of IL-2
(Pahlavani and Richards, 1996).
Another important age-related change in
CD4
1
T-cell function is the gradual decrease
in the ratio of naive to memory T-cell subpop-
ulations among CD4
1
T cells (Table 1). The
data reported by Hirokawa et al. (1994), who









(memory) markers, show this clearly (Fig. 7).
Similar changes have been documented in
other humans (Utsuyama et al., 1992) and in
mice (Ernst et al., 1990; Hirokawa et al.,
1992), using these and other markers (CD44





Age-related changes in the surface markers of CD4
1
T cells in mice and humans
Frequency of marker in:
Marker T-cell subclass Animal Young animals Old animals Reference
3G11 Naive Mouse High Low Hayakawa and Hardy (1989)
Pgp-1/CD44 Memory Mouse Low High Budd et al. (1987)
CD45RB Naive Mouse High Low Bottomly (1988)
CD45RA Naive Human High Low Utsuyama et al. (1992)
CD29 Memory Human Low High Utsuyama et al. (1992)
CD45RO Memory Human Low High Sanders et al. (1988)
from young and aged mice showed relatively
high levels of CD44 and low levels of CD45RB
in the older mice (Ernst et al., 1990). Naive and
memory T cells have distinct lymphokine-pro-
duction repertoires (Ernst et al., 1993b). The
ratio of naive to memory T cells may influence
the course of malaria, especially if cross-reactive
antigens play a role in the immune response to
infection (see below).
Distinctions in IgG subclasses may be
important to understanding protection against
P. falciparum. Changes in subclass expression
have been linked to age-dependent cytokine
balances that effect Ig-class and -subclass
expression (Hara et al., 1987; Antonaci et al.,
1992). The proportion of IgG antibodies of
the cytophilic subclasses (IgG1 and IgG3)
increases with age among children (Gregorek
et al., 1994) and adults (Powers, 1994; Yachie
et al., 1995). IgG-subclass ratios are appar-
ently regulated by cytokines; IL-2 and IL-12
induce IgG2 whereas IL-6 and IL-10 (Th2-
type cytokines) induce IgG1, IgG3 and IgG4
(Briere et al., 1994; Kawano et al., 1994, 1995;
Buchanan et al., 1995; Lorenz et al., 1995;
Van Cleave et al., 1995; Kawano and Noma,
1996). Mice challenged with P. chabaudi cha-
baudi produced IgG2 when the immune
response was dominated by Th1 cytokines,
and later switched to Th2 cytokines and pre-
dominance of IgG1 (D’ Imperio et al., 1996).
CROSS-REACTIVE ANTIGENS
It may be difficult to separate the effects of
developmental changes from those of exposure
to ubiquitous antigens. People lacking
exposure to malaria may recognize malaria
antigens, perhaps because of antigenic cross-
reactivity between epitopes in malarial para-
sites and other microorganisms (Good
et al., 1987; Jones et al., 1990; Good, 1991,
1995; Beverly, 1994). Exposure to myriad
immunogenic microorganisms throughout life
is unavoidable. The accumulation of memory
to these antigens and the likelihood of inci-
dental cross-reactivity with antigens from
malarial parasites probably increases with age.
In the context of this review, the accumulation
of a repertoire of potentially cross-reactive
memory is considered essentially developmen-
tal (i.e. inevitable and fairly uniform in the
population as a whole). Indeed, continuous
exposure to a broad variety of antigens per se
could be an essential aspect of immunological
maturation. Nonetheless, Ortega-Mora and
Wright (1994) addressed this issue with the
age-related immunity to Cryptosporidium
parvum in lambs reared in `disease-free’ envi-
ronments; age-dependent immunity directed
against the parasite persisted despite protec-
tion from other sources of antigenic stimu-
lation.
No attempt has been made in this review to
separate purely developmental, immunological
changes from those induced by exposure to
other antigens, some of which may cross-react
with malarial antigens. Nonetheless, the
potentially important role for such cross-
reactivity in an age-dependent immune pro-
cess should be recognized. For example, if
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Fig. 8. (a) Mortality ( j ) and peak parasitaemia ( h ) following challenge of 107 naive albino rats of varying
age (as re¯ ected by weight) with the blood-stages of P. berghei (Zuckerman and Yoeli, 1953). (b) Course of
parasitaemia in Sprague-Dawley rats aged 30 days ( m ; N 5 10) or 81 days ( s ; N 5 10) when challenged with
P. berghei-infected red blood cells. Nine of the 10 young rats died but all the older rats survived (Singer
et al., 1955).
cross-reactive antigens selectively stimulate
memory T cells and spur a Th2-like response,
this may have important age-related conse-
quences upon the course of infection by Plas-
modium spp. Given the data shown in Fig. 7,
the probability of such cross-reactivity would
seem to increase as a function of age. Age-
specific patterns of cytokine production by
non-immune T-cell populations stimulated by
malarial antigens have not been reported.
Age-dependent Immune Function in
Murine Malaria Models
T-cells are critical mediators of protection
against murine and human malarias (Troye-
Blomberg et al., 1994; Taylor-Robinson,
1995). This is especially true of the CD4
1
T
cells against blood-stage infection. Changes
occurring in T-cell populations through nor-
mal development may affect the efficacy of
both humoral and cell-mediated protection.
There are data demonstrating that changes
related to age per se profoundly influence the
course of malaria in animal models.
The first study addressing susceptibility to
malaria in experimental animals as a function
of age was by Coggeshall (1938). Coggeshall
isolated P. lophurae from a Borneo pheasant
and adapted it to ducks, where he showed that
susceptibility decreased markedly with age.
The same àge resistance’ was later reported
for P. lophurae in chickens (Trager and
McGhee, 1950). The susceptibility of rodents
to challenge with P. berghei blood-stages also
decreased with age (Raffale and Baldi, 1950).
Zuckerman and Yoeli (1953) infected outbred,
albino rats with P. berghei and found that age
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profoundly influenced mortality and peak para-
sitaemia [Fig. 8(a)]. Virtually all the rats
which were aged 14± 30 days when infected
died, whereas fewer than one in three of the
114-day-old rats died. Singer et al. (1955)
reported similar observations; nine of 10, 30-
day-old, Sprague± Dawley rats died following
P. berghei challenge whereas all 10, 81-day-old
rats eliminated their infections [Fig. 8(b)].
Innate immune factors (e.g. reticulocyte avail-
ability) contributed to the differences between
young and old rats but age-dependent immu-
nity appeared largely acquired. Singer et al.
(1955) concluded, ` ¼ reticulocyte availability
limited intensity of infection only until such a
time as the host was able to produce an
(acquired) immune response sufficient to con-
trol parasitemia. The ability to produce such a
response appeared to vary directly with the
age of the rat.’ The prolonged plateau of peak
parasitaemia in this model may be analogous
to the chronic exposure of humans.
The ability of Spira et al. (1970) to abolish
age-dependent immunity against P. berghei in
Lewis rats by treating the rodents with rabbit
anti-rat-thymocyte sera indicated a T-cell-
mediated basis for such immunity. Alger et al.
(1972) demonstrated age-dependent protective
immunity against P. berghei in inbred A/J
mice, and Kasper and Alger (1973) adoptively
transferred this immunity from old to young
mice using splenic T cells. Like untreated
controls, naive, 4-week-old mice receiving
cells from naive, 6± 8-month-old retired breed-
ers died within 30 days of challenge, each with
a fulminant parasitaemia. In contrast, when
spleen cells from an exposed retired breeder
were transferred to 4-week-old mice, para-
sitaemias cleared spontaneously within 15
days. Transfer of spleen cells from exposed,
6-week-old mice failed to clear parasitaemia
after 34 days. Age-dependent immunity in
these experiments was acquired and linked to
T-cell-mediated immune function. The age-
related protection against malaria in rodents
was mediated by exposure, age at first
exposure, and splenic T cells.
The resistance to P. berghei in adult rodents
and susceptibility in juvenile rodents observed
in these early experiments accords with the
hypothesis of age-related immunity against
chronic exposure to P. falciparum. Those
observations in rats seem discordant with adult
susceptibility to acute exposure. However, by
some measures the older rats were more sus-
ceptible than the younger: crisis occurred
sooner and with parasitaemias of lower density
(Zuckerman and Yoeli, 1953). Although fewer
older rats died, the deaths that did occur in the
older animals occurred sooner than in the
younger rats. The establishment of chronic
infection protected older better than younger
rats, whereas older rats were initially more
susceptible to infection. Whether infection is
acute or chronic may profoundly influence the
age-related immunity against malarial parasites
in rodents. Direct experimental evidence of
this is needed (e.g. from studies of Th1 v. Th2
immune responses in young and old mice
exposed to acute and chronic infection).
Age-dependent Immunity in Acute v.
Chronic Exposure
Why are human adults more susceptible than
children to severe morbidity and mortality at
first infection? Why is the onset of acquired
protective immunity against chronic exposure
more rapid in adults than juveniles? Normal
developmental changes in human T-cell func-
tion may help explain these questions. Com-
pared with their young, older humans and
other animals have T-cell populations with
diminished lymphoproliferative responses to
mitogens and antigens, are unable to induce
T-cell differentiation as well, and have rela-
tively high proportions of functionally
impaired T cells (Hirokawa et al., 1994). An
extensive body of literature, reviewed by
Pahlavani and Richardson (1996), documents
markedly diminished expression of IL-2 dur-
ing the process of ageing. The susceptibility of
adult humans to natural infection with
P. falciparum may be related to these normal
consequences of ageing.
CHRONIC EXPOSURE
Studies of humans under chronic exposure to
malaria show a consistent age-related pattern
of Th1- v. Th2-like responsiveness. It should
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be noted that factors beyond the control of
investigators often confound studies of cellu-
lar immunity in endemic populations. For
example, activated lymphocytes may migrate
out of the peripheral circulation. Acute infec-
tion may cause a general suppression of
lymphoproliferative responses, and self-
administered therapeutic agents may have an
impact on the cell-mediated immune
response. Moreover, separation of study sub-
jects into `protected’ and `unprotected’
groups usually involves a separation on the
basis of age (i.e. adults and children, respect-
ively). When cell-mediated immune activity
in adults and children is compared in this
setting, children usually show results consist-
ent with a Th1-like response. Conversely,
adults often show results consistent with
dominance of the immune response by Th2-
like cytokines.
Elevation of IL-4 with suppression of
IFN- g is the hallmark of a Th2-like immune
response, along with elevated levels of IgG1
relative to IgG2a. This profile characterises
the immune responses to malarial antigens
that have been observed in aparasitaemic or
asymptomatic adults living in hyper- to holo-
endemic areas. In Burkina Faso, T-cells from
parasitaemic children produced higher levels
of IFN- g than T cells from aparasitaemic
adults, in response to in-vitro stimulation
with Pf155/RESA antigens (Elghazali et al.,
1995). Similar peptides induced IL-4 tran-
scription and expression in T cells from adult
donors who had elevated levels of antibodies
to the same peptide used for the in-vitro
stimulation (Troye-Blomberg et al., 1990).
Boudin et al. (1994) reported that, in a
matrix of immunological parameters of
responsiveness to an array of parasite anti-
gens among children and adults living in
holo-endemic Burkina Faso, adults tended to
have higher humoral and lower cellular
immunity than children. Lymphocytes from
parasitaemic children in an endemic area pro-
duced IFN- g when stimulated with antigens
from P. falciparum , indicating a predomi-
nantly Th1-like response to infection (Riley
et al., 1991). Riley et al. (1992) measured
humoral and lymphoproliferative responses to
discreet peptides of merozoite-surface-pro-
tein-1 (MSP-1) of P. falciparum, as well as
those to the whole protein, among Gambian
children and adults. Lymphoproliferative
responses against each of the peptides tested
peaked in childhood and then either
remained at a high level of stimulation or
diminished with age. Conversely, the chil-
dren consistently had lower levels of anti-
bodies to these proteins than the adults.
Mshana et al. (1991) measured plasma con-
centrations of IFN- g , TNF- a , IL-4 and IL-6
among residents of holo-endemic Gabon.
Whereas IFN- g and TNF- a diminished with
increasing age, IL-4 and IL-6 increased. This
is consistent with a Th1- to Th2-like shift in
immune responsiveness to chronic exposure
to infection. Finally, naive a b T cells from
non-immune humans (the cells which would
predominate in younger persons; see above)
produced IFN- g but not IL-4 in response to
membrane components of red blood cells
infected with P. falciparum (Dick et al.,
1996).
Analysis of the available data on IgG sub-
classes also hints to a predominance of the
Th1-like response to chronic exposure during
childhood giving way to a Th2-like response
in adulthood. The passive transfer of protec-
tive immunity in the IgG of adult West
Africans to acutely ill Thai patients
(Sabcharoen et al., 1991) has been attributed
to the predominance of IgG1 and IgG3
(Bouharoun-Tayoun and Druilhe, 1992) in
immune sera. Adult subjects from the
Solomon Islands had predominantly IgG1
and IgG3 against crude, schizont antigen
(Rzepczyk et al., 1997). Among Gambians,
Egan et al. (1995) found age-related increases
in antibodies against the 19-kDa fragment of
P. falciparum MSP-1 and that the antibodies
were predominantly of the IgG1 subclass. Shi
et al. (1996) found that IgG1 and IgG3
against natural variants of the 19-kDa domain
of MSP-1 increased with age and that the
titres of IgG1 within age-groups correlated
with relative protection. Taylor et al. (1995)
found that the predominant subclasses of IgG
to a panel of recombinant MSP-2 antigens
among Gambian adults were IgG1 and IgG3.
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Although IgG3 has been found to be elevated
under Th1-like stimulation (Kawano and
Noma, 1996), other studies have shown that
relative levels of IgG3 increase with age and
that this subclass can be stimulated by IL-6
and IL-10, Th2-like cytokines (Briere et al.,
1994; Kawano et al., 1995). Predominance of
IgG2 has been reported from the serum
of children living in endemic areas
(Bouharoun-Tayoun and Druilhe, 1992). Fi-
nally, IgE is also a Th2 immunoglobulin and
malaria-specific IgE occurs in adults living in
endemic areas (Desowitz, 1989; Desowitz
et al., 1993; Perlmann et al., 1994).
Taken together, these observations from
people living under chronic exposure to
malaria suggest a shift from a Th1-like im-
mune response in children to a Th2-like re-
sponse in adults. In view of the data
illustrated in Fig. 1, it seems likely that pro-
tection against chronic exposure to falci-
parum malaria may correlate with a tendency
toward Th2-like activity against the parasite.
Conversely, childhood susceptibility to the
frequent and high-grade parasitaemias of
chronic exposure may be related to an incli-
nation toward the Th1-like pole of activity.
ACUTE EXPOSURE
The cytokine-production repertoires among
populations suddenly exposed to falciparum
malaria may not be characterised with the
scarcely available data. If adults tended to-
ward a Th2-like response to acute infection,
and children Th1-like, then the relative sus-
ceptibility of adults would accord with that in
the mouse models (i.e. susceptibility linked to
a primary response to infection, dominated
by a Th2-like cytokine-production response;
Table 2). Likewise, the relative resistance of
children to severe disease may accord with
dominance of a Th1-like response to primary
infection, as in mouse models. Figure 9 illus-
trates the hypothetical relationships between
the age-related immune response and resist-
ance or susceptibility to acute or chronic ex-
posure to infection. The data needed to test
this hypothesis are not currently available.
There is a need to characterise immune re-
sponses among children and adults exposed
to infection for the first time. Such studies
may help identify the determinants of the
age-related susceptibility/resistance to pri-
mary infection by P. falciparum.
The hypothesis of age-dependent immu-
nity includes definition of susceptibility and
resistance in terms of age of the host and the
conditions of exposure (i.e. acute or chronic).
The predicted trends will undoubtedly
deviate, especially at the very extremes of
age. This is an especially important consider-
ation with neonatal humans, who bear the
brunt of malaria-attributable mortality.
Extrapolation of the trends hypothesised here
to neonates may not be appropriate. For all
age-groups, direct experimental evidence is
needed to test the hypothesis of age-related
immunity.
CONCLUSIONS
A T-cell-dependent shift from susceptibility
to resistance during normal ageing has been
demonstrated in mice and rats. Epidemiologi-
cal studies of humans exposed to chronic
malaria also show age-dependent differences
in the rate of acquisition of natural immu-
Fig. 9. Paradigm for age-dependent, T-cell immune
responses to acute or chronic infection with P.
falciparum, driving protection or exacerbation of
disease. The hollow arrows denote immune responses
from children (Th1) and the solid arrows denote
those from adults (Th2).
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TABLE 2
Mouse-Plasmodium systems affecting the primary response to challenge with blood-stage parasites, and the outcomes
of the infections
Parasite Host Primary response Outcome Reference
P. yoelii 17XL C57BL/6 Th2 Death Shear et al. (1990)
P. yoelii 17XNL C57BL/6 Th1 and Th2 Recovery Kobayashi et al. (1996)
P. berghei ANKA C57BL/6 Th2 Death Weidanz and Grun (1983)
P. c. chabaudi A/J Th2 Death Jacobs et al. (1995)
P. c. chabaudi C57BL/6 Th1 to Th2 Recovery Langhorne (1989)
P. c. adami C57BL/6 Th1 Recovery Taylor-Robinson (1995)
nity. Whether the susceptibility to disease in
children under chronic exposure to infection
is related to dominance of the immune
response by naive T cells remains to be seen.
Likewise, attribution of the relative resistance
in chronically exposed adults to a predomi-
nantly memory-T-cell response remains spec-
ulative. Further studies to collect data on the
Th1- v. Th2-like nature of the responses of
chronically exposed humans would help
resolve the questions. Such data is even more
urgently needed to begin to understand the
age-related susceptibility of humans to pri-
mary exposure to infection.
An age-dependent immunity to P. falci-
parum governed by the degree of recent
exposure and Th1- v. Th2-dominated
responsiveness would have important impli-
cations in the field of vaccine development.
The separate requirements for vaccines for
the individual and for those for the com-
munity have been discussed elsewhere (Hoff-
man and Miller, 1995). In brief, a vaccine for
the individual should prevent acute malaria
in the non-immune traveller (primarily
adults), whereas a vaccine for the community
should target disease among the chronically
exposed (primarily children). These distinct
objectives may not only produce differing
criteria for successful clinical and field test-
ing, but may also create the need for entirely
separate strategies for development. For
example, a vaccine that induces Th1-type
responses may be the ideal for individuals,
especially adults, whereas an inducer of Th2-
type response may prove most helpful for an
endemic community, especially for the chil-
dren. The induction of adult-like immunity
in children would prove enormously ben-
eficial in areas such as sub-Saharan Africa
(see Fig. 1). In contrast, a vaccine inducing a
Th2-like response may be poorly suited for
the traveller, as would one inducing a Th1-
like response in the chronically exposed (Fig.
6). The potential for manipulating immune
responses to vaccines in the direction of Th1-
or Th2-like T-cell subpopulations has been
described (Golding et al., 1994).
The practice of taking vaccines from
phase-IIa trials in non-immune adults to
phase-IIb trials in chronically exposed chil-
dren may frustrate successful development. A
vaccine that establishes protection in non-
immune adults may not do so in chronically
exposed children. Perhaps more importantly,
vaccine candidates that fail early clinical trials
in non-immune adults may effectively protect
chronically exposed children from disease and
death. Vaccines intended for the prevention
of mortality in children may not successfully
pass through immunogenicity and efficacy
trials in non-immune adults.
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